Hafnium carbides are studied by a systematic search for possible stable stoichiometric compounds in the Hf-C system at ambient pressure using variable-composition ab initio evolutionary algorithm implemented in the USPEX code. In addition to well-known HfC, we predicted two additional compounds Hf 3 C 2 and Hf 6 C 5 . The structure of Hf 6 C 5 with space group C2/m contains 11 atoms in the primitive cell and this prediction revives the earlier proposal by A. I. Gusev. The stable structure of Hf 3 C 2 also has space group C2/m, and is more energetically favorable than the Immm, P3m1, P 2 and C222 1 structures put forward by A. I. Gusev. Dynamical and mechanical stability of the newly predicted structures have been verified by calculations of their phonons and elastic constants. The bulk and shear moduli of Hf 3 C 2 are 195.8 GPa and 143.1 GPa, respectively, while for Hf 6 C 5 they are 227.9 GPa and 187.2 GPa, respectively. Their mechanical properties are inferior to those of HfC due to the presence of structural vacancies. Chemical bonding, band structure, and Bader charge are presented and discussed.
I. INTRODUCTION
Hafnium carbides, known as ultra-high temperature ceramics, have attracted growing attention because of their unique features. These include extremely high melting temperature and hardness, high thermal and electrical conductivity, and chemical stability, and make them promising advanced materials even in extreme thermal and chemical environments.
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Hafnium carbide is known to crystallize in the NaCl-type structure (space group F m3m) and to have the composition HfC. This is a relatively well-studied material. Its elastic properties and phonon spectra have been studied experimentally 4, 5 , and its structural, elastic, electronic and phonon properties have been computed using first-principles methods 6, 7 .
However, according to the results of theoretical calculation by A. I. Gusev 8 , ordered stoichiometric phases Hf 3 C 2 and Hf 6 C 5 should exist, with possible space groups Immm, P3m1, P 2 or C222 1 for Hf 3 C 2 , and C2/m, P 3 1 or C2 for Hf 6 C 5 . Experimental synthesis and structure determination of these subtle ordered states encounters problems due to the lack of direct methods. Gusev and Zyryanova 9 studied the order-disorder transition of Hf-C system by measuring the magnetic susceptiblity and confirmed the existence of Hf 3 C 2 and the possible existence of Hf 6 C 5 .
Here we explore the stable compounds in the Hf-C system and their crystal structures at ambient pressure using the variable-composition ab initio evolutionary algorithm 10, 11 , and discuss their structures, elastic properties and chemical bonding. In Section 2, we describe the computational methods that were used in this work. In Section 3, we present the results -crystal structures, elastic properties and analysis of the electronic structure. Section 4 presents conclusions of this study.
II. COMPUTATIONAL METHODOLOGY
The prediction of stable compounds and their crystal structures was performed using evolutionary algorithm implemented in USPEX 
III. RESULTS AND DISCUSSIONS
A. Crystal structure prediction and structural properties
Variable-composition evolutionary algorithm 10,11 used in this work is very effective in simultaneously predicting stable compositions and their structures for multi-component systems. In our searches, we allowed all possible compositions in the Hf-C system with structures containing up to 30 atoms in the unit cell. The initial generation consisted of 50 structures, and all subsequent generations had 40 structures. 50% of new structures were produced by heredity, 20% by softmutation, 10% by transmutation, 20% by random symmetric structure generator. Stable structures and their compositions were determined using the convex hull construction: a compound is thermodynamically stable if the enthalpy of its decomposition into any other compounds is positive.
We explored the possible stable crystal structures for Hf-C system at ambient pressure and zero kelvin. In addition to rocksalt-type (B1) HfC (space group F m3m), we found another two compounds Hf 3 C 2 and Hf 6 C 5 , both belonging to space group C2/m. The enthalpies of formation of the predicted structures are shown in Fig. 1 . It can be clearly seen that HfC, Hf 6 C 5 and Hf 3 C 2 are thermodynamically stable compounds.
The crystal structures of Hf 3 C 2 and Hf 6 C 5 are shown in Fig. 2 , and their crystallographic data and enthalpies of formation are listed in Table I . For comparison, we also present computational results on HfC in Table I . Structure of Hf 3 C 2 has space group of C2/m and 20 atoms in the conventional unit cell (Fig. 2b) . Two more structures of Hf 3 C 2 (Immm and P3m1) proposed by A. I. Gusev 8 were also found during our searches. However, their enthalpies are higher than that of C2/m, which is therefore more stable. Crystal structure of Hf 6 C 5 is shown in Fig. 2c . Its space group is also C2/m and its structure has 22 atoms in the conventional unit cell, its structural parameters are presented in Table I , and agree with the theoretical calculation of A. I. Gusev 8 .
All the stable hafnium carbides are strongly related structures and can be derived from
HfC structure with the highest symmetry. HfC has a structure of cubic-packing hafnium atoms, and carbon atoms fill all octahedral voids (Fig. 2a) , which is an ideal cubic rocksalt- formed by six Hf atoms but without interstitial C atoms. In Hf 3 C 2 structure, only 2/3 of carbon octahedral voids are filled (and 1/3 are vacant), and in Hf 6 C 5 5/6 are filled (and 1/6 are vacant). In both Hf 3 C 2 and Hf 6 C 5 , the vacancies appear in every second octahedral layer, with 1/3 of in-layer octahedra occupied (Hf 3 C 2 ) or 2/3 of in-layer octahedra occupied (Hf 6 C 5 ). Ordering of the vacancies in both cases lowers the symmetry from cubic (F m3m) to monoclinic (C2/m). Moreover, due to the vacancies, the coordination number of Hf atoms varies in different systems: 6 in HfC, 5 in Hf 6 C 5 , and 4 in Hf 3 C 2 , while in all these structures carbon atoms invariably had the coordination number 6 (octahedral coordination). In this way, Hf 6 C 5 and Hf 3 C 2 can be described as defective rocksalt-type structures.
It is instructive to look at molecular volumes (see Table I ). To verify the dynamical stability of the newly predicted Hf 3 C 2 and Hf 6 C 5 , we computed their phonon dispersions (Fig. 3) . No imaginary phonon frequencies were found throughout the Brillouin zone, suggesting dynamical stability of these phases.
B. Elastic properties
The elastic constants of a material describe its response to an applied stress or, conversely, the stress required to maintain a given deformation, and can be used to evaluate the elastic properties. These properties are directly related to mechanical stability. The criteria of mechanical stability of a monoclinic crystal are as follows 25 :
The calculated elastic constants of Hf 3 C 2 and Hf 6 C 5 at the ground state are listed in Table II . It is obvious that these criteria are satisfied, suggesting that Hf 3 C 2 and Hf 6 C 5 are mechanically stable.
The bulk modulus characterizes the response of a material to volume change, B = P/(∆V /V ). P is the applied pressure and ∆V is the volume change. The shear modulus characterizes the response to shear deformation, G = τ /γ. τ is the shear stress and γ is shear strain. The bulk modulus B and shear modulus G can be obtained from elastic constants 26 , and their values for Hf 3 C 2 and Hf 6 C 5 are presented in Table II . For comparison, the values of the elastic properties of HfC are also presented in Table II, and one 
C. Chemical bonding
The band structures and DOS of these three compounds are shown in Fig. 4 
IV. CONCLUSIONS
In this paper we explored the possible stable compounds and structures in the Hf-C system at ambient pressure using variable-composition evolutionary algorithm. Besides the well-known HfC (F m3m), another two stoichiometric compounds (Hf 3 C 2 , C2/m and Hf 6 C 5 , C2/m) are found. All three stable hafnium carbides have rocksalt-type structures: HfC with ideal cubic structure without vacancies, and defective rocksalt-type phases Hf 3 C 2 and
Hf 6 C 5 with monoclinic symmetry (C2/m) due to ordering of carbon vacancies. Their elastic constants and phonon dispersions are also calculated, which verify their mechanical and dynamical stabilities. Their bulk modulus and shear modulus are lower than that of HfC due to the presence of structural vacancies. We found that all three compounds are weak metals, with increasing metallicity as the concentration of vacancies increases. We also found significant covalency in all these weakly metallic compounds, while their hardness values fall with increasing concentration of vacancies.
